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Abstract 
In this paper, a laser interferometer was used to evaluate the linear performance of an optical coordinate measuring machine with
a measuring area of 400 mm x 400 mm at 20-mm interval.  The evaluation results show that the linear performance of the Y-axis 
varies a lot at different X positions and offline error compensation method was implemented.  A 200 mm glass scale was used to 
verify the method.  The results showed that the variations at different X positions improved from 0.35 μm to 0.15 μm within the
compensated area.  A better measurement uncertainty was also achieved. 
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1. Introduction 
Optical coordinate measuring machines (CMMs) are CMMs with optical probing systems. They are widely used 
to measure glass scales, grid plates, wafers and 1D/2D patterns. As the required measuring accuracy is getting more 
critical, there is also a need to improve the accuracy of optical CMMs.  Error mapping and compensation are the 
most common techniques.  These include compensation using reversal techniques [1-6] or a grid plate [7] and 
measurement uncertainty reduction using laser interferometers [2]. In this paper, the linear performance of an optical 
CMM was evaluated using a laser interferometer.  Error compensation method based on the results obtained was 
also explored.  
2. The optical CMM and its performance evaluation 
2.1. The optical CMM 
The optical CMM used is a fixed bridge type CMM [8].  It is built on an air-bearing kinematics structure with 
ball screw drives. Glass encoders with a thermal expansion coefficient of nearly zero are used as the length 
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measuring systems for all three axes. Temperature inside the machine is well controlled by preventing the heat 
generation from the motor and controlling the temperature of the compressed air.  The CMM employs a CCD 
camera to image the part under test which is magnified by an objective lens.  An image processing algorithm 
determines the edges and measures the dimensions.  The table has a motion in the Y direction and the ram moves 
vertically (Z direction) on the cross slide (X direction) of the bridge, as shown in Figure 1.  The system has a 
measuring volume of 400 mm u 400 mm u 200 mm, where the Z-axis measurements can be performed by using 
auto-focus function and it is used frequently to calibrate precision glass scales.  The linearity error of the machine is 
therefore important and the performance needs to be carefully evaluated. 
Figure 1  Schematic diagram of the optical CMM [8] 
Both glass scales and laser interferometers can be used to evaluate the linearity error of this optical CMM.  Using 
glass scales is simple and in situ verification can be done.  However, laser interferometers are of higher accuracy 
and have direct traceability to the International System of Units for length – the metre.  Hence laser interferometer is 
used to carry out the evaluation.  
2.2. The laser interferometer 
The laser interferometer used comprises of a He-Ne laser with a wavelength of 633 nm, a compensator, an air 
temperature probe and a material temperature probe.  The compensator provides the necessary compensation for 
environmental variations and the material expansion.  Readings of air temperature, material temperature, air 
pressure and humidity are taken periodically to calculate the air refractive index and material expansion.   
2.3. Performance evaluation 
2.3.1. X-axis  
The setup is shown in Figure 2.  The beam splitter and the reference retroreflector were fixed on the table.  The 
objective lens of the optical probe was replaced with a customized adaptor to mount the moving optics.  The total 
weight of the adaptor and the moving optics was made to be close to that of the objective lens. 
During the measurement, the travelled length of the X-axis was compared against the readings of the laser 
interferometer.  The error of the X-axis was obtained by deducting the travelled length from the interferometer 
readings. Measurements have been conducted at three Y positions: 0 mm, 200 mm and 400 mm.  For each position, 
three runs were carried out and the averaged results were taken.  Figure 3 shows the measured linearity error of the 
X-axis.  It can be seen that at different Y positions, the maximum difference of the error is 0.1 μm, which includes 
the contributions from the air temperature variation and the measurement uncertainty of the laser interferometer.  
For fixed bridge type CMM, the X-axis movement is from the bridge while the Y-axis movement is from the table.  
The movement of the Y-axis will influence the performance of the X-axis due to machine deformation caused by the 
change in gravity centre.  However, the result shows that this change has little effect on the linearity performance of 
the X-axis.
X
Y
Z
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Figure 2  Setup for X-axis evaluation                                  Figure 3  Linearity error of X-axis  
2.3.2. Y-axis  
For the Y-axis evaluation, the setup is shown in Figure 4.  The moving optics was mounted on the table while the 
retroreflector was fixed to the ram.  
Again the travelled length of the Y-axis was compared against the readings of the laser interferometer.  The 
measurements were performed at five different X positions: 0 mm, 100 mm, 200 mm, 300 mm and 400 mm.  For 
each position, three runs were carried out and the averaged results were taken.  Figure 5 shows the measured 
linearity error of the Y-axis.  Contrary to the results of the X-axis, the results of the Y-axis vary greatly at different 
X positions and the maximum difference is close to 1.2 μm.  The error gets larger when the measurement is further 
from the centre of the table.  This reflects the existence of Abbe error and error compensation is thus required. 
      
Figure 4  Setup for Y-axis evaluation                                     Figure 5  Linearity error of Y-axis 
3. Error compensation method and verification results 
3.1. Error compensation method 
For the compensation of the error of the X-axis, it is relatively simple as the errors show little variations with 
respect to the change of the Y positions and the error can be directly corrected. 
For the compensation of the error of the Y-axis, one way is to do a direct compensation as that of the X-axis.  
However, there are embedded linearity compensation factors in the system controller that could only be accessed by 
Beam splitter and 
reference retroreflector 
Adaptor and moving 
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the manufacturer.  Once these factors are adjusted, the performance of the system will be changed and previous 
results obtained will be no longer valid. A full re-evaluation has to be done and it is very time consuming.  
Another way is to carry out the evaluation only at the centre of the stage (i.e. X=200 mm) and utilize the 
relationship obtained in Figure 5 to get the errors of other X positions by interpolation, i.e. 
        (1) 
        (2) 
        (3) 
        (4) 
Where both GX,Y(Y) and GcX,Y(Y) are the linearity errors at machine coordinate (X,Y) when moving along the Y-
axis. GX,Y(Y) represents the linearity error shown in Figure 5.  GcX,Y(Y) represents the linearity error at (X,Y) after the 
linearity compensation factors are adjusted by the manufacturer.  As the error curves show a non-linear change 
versus X positions, the interpolation is separated into four sections: 0 mm - 100 mm, 100 mm - 200 mm, 200 mm - 
300 mm and 300 mm - 400 mm. 
3.2. Verification results 
Only the verification at X positions of 0 mm - 200 mm is discussed.  Figure 6 shows the linearity errors along the 
Y-axis, which were the re-evaluation results after a machine calibration was done by the manufacturer.  Four runs 
were conducted for the measurement of each X position and the averaged results were taken.  It can be seen that the 
error curves as in Figure 6 is quite different from those in Figure 5.  However, the difference of the error curves 
versus X positions is still close to that of Figure 5.  This suggests that the error compensation method proposed is 
reasonable. 
A 200 mm glass scale was used to verify the effectiveness of the error compensation method.  It was aligned 
along the Y-axis with the centre of the starting line coinciding with the machine coordinate (0, 0).  Then the length 
of interval was measured against the starting line along Y-axis at an interval of 20 mm and at approximately mid-
position of the lines.  Then the glass scale was repositioned with the centre of the starting line coinciding with the 
machine coordinates (100, 0) and (200, 0) respectively, re-aligned and re-measured.  For each measurement, four 
runs were carried out and the average of the results was taken.  Figure 7 (a) shows the measured deviations from 
nominal.  The results are quite different from one another, with a maximum difference of about 0.35 μm. 
Then the three sets of measurement data were compensated as per equation (1) and (2).  The Gc200,Y(Y) was taken 
from the results shown in Figure 6 while G0,Y(Y), G100,Y(Y) and G200,Y(Y) were taken from those in Figure 5 to calculate 
the errors of Gc0,Y(Y) and Gc100,Y(Y).  After that the corresponding errors were corrected to the measured deviations.  
The compensated results are shown in Figure 7 (b).  After applying the error compensation, the three sets of data 
show better agreement.  The maximum difference among the three sets of data is now less than 0.15 μm.  
Figure 6  Linearity error of Y-axis after a system calibration  
mmXYYYXY YYYYX 200100,)()]()([100
200
)( ' ,200,200,100
'
, dd
 GGGG
mmXYYYXY YYYYX 1000,)()]()([100
100
)( ' ,100,100,0
'
, dd
 GGGG
mmXYYYXY YYYYX 400300,)()]()([100
300
)( ' ,300,300,400
'
, dd
 GGGG
mmXYYYXY YYYYX 300200,)()]()([100
200
)( ' ,200,200,300
'
, dd
 GGGG
126  Z. X. Chao et al. / Physics Procedia 19 (2011) 122–128
(a) Before compensation        (b)  After compensation 
Figure 7  Glass scale measurment results  
4. Uncertainty analysis and discussion 
4.1. Uncertainty analysis  
The uncertainty analysis is evaluated for the measurement of the 200 mm glass scale along Y-axis at X=200 mm 
according to JCGM 100.2008 GUM 1995 with minor corrections [9]. 
The mathematical model is given as: 
L = LM (1-ĮǻT) + Lr20 – L0         (5) 
where  L is the compensated length of the glass scale; 
           Lr20 is the reading from the laser interferometer at 20 °C; 
           LM is the reading from the optical CMM; 
           L0 is the nominal value of the travelled length of the optical CMM; 
           D is the thermal expansion coefficient of the glass scale; 
           'T is the temperature deviation of the glass scale from 20 °C. 
From equation (5), the uncertainty equation can be written as: 
u²(L) = (1-ĮǻT)²u²(LM) + u²(Lr20) + ( LMǻT)² u²(Į) + (LMĮ)² u²(ǻT) + u²(L0)    (6) 
Where u(Lr20) is the measurement uncertainty of the laser interferometer, including the measurement repeatability, 
u(Rpt); the combined contributions from the laser wavelength, the environmental conditions and the Edlen 
equationu(Sys); the resolution of the laser interferometer, u(Res);the uncertainty of the cosine error 
(alignment error),  u(Align);  and the uncertainty of the dead path, u(DP);
u(LM) is the uncertainty of the readings from the optical CMM, which is mainly contributed by the 
repeatability,  u(LM_Rpt) and the resolution of the system, u(M_Res);
u(L0) is the uncertainty of the nominal value of the travelled length, which is mainly contributed by the 
resolution of the system u(M_Res);
u(D) is the uncertainty of the thermal expansion coefficient of the glass scale; 
u('T) is the combined measurement uncertainty of the temperature probe, u('T_Cal)and the temperature 
variation, u('T_Var). 
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Considering all the components above, equation (6) can be re-written as: 
   u²(L)  =u2(Rpt) + u2(Res) + u2(Sys) + u2(Align) + u2(DP) + (1-ĮǻT)²u²(LM_Rpt) +[(1-ĮǻT)²+1]u²(M_Res)  
                + (LMǻT)² u²(Į) + (LMĮ)² u²(ǻT_Cal) + (LMĮ)² u²(ǻT_Var)     (7) 
Table 1  Uncertainty summary 
Source of 
uncertainty 
Type Uncertainty Distribution Coverage 
factor
Standard
uncertainty 
u(xi)
Sensitivity 
coefficient 
ii xLc ww 
)( ii xuc 
(μm)
Degree of 
freedom
Repeatability of the 
interferometer 
reading
A 0.052 μm - 1 0.052 μm 1 0.052 3 
Measuring
resolution of the 
interferometer 
B 0.001 μm R 12
0.0003
μm
1 0.0003 f
Measurement 
uncertainty of the 
interferometer 
B 5E-7L0 μm N 2 
2.5E-7L0
μm
1 2.5E-7L0 f
Alignment error B 1.3E-7L0 μm R 12
3.6E-8L0
μm
1 3.6E-8L0 f
Dead path error B 0.081 μm R 12  0.024 μm 1 0.024 f
Repeatability of 
CMM reading 
A 0.075 μm - 1 0.075 μm 1 0.075 3 
Resolution of the 
CMM
B 0.010 μm R 12  0.003 μm 2  0.004 f
Coefficient of 
thermal expansion 
B 4E-6 /°C R 12  1.2E-6 /°C
0.2L0
μm°C
2.4E-7L0 f
Measurement 
uncertainty of the 
material T probe 
B 0.05 °C N 2 0.025 °C 
10.2E-6L0
μm/°C
2.6E-7L0 f
Temperature 
variation
B 0.1 °C R 12  0.029 °C
10.2E-6L0
μm/°C
3.0E-7L0 f
The combined standard uncertainty is uc(L)= [(0.094)2 + (5.2u10-7L0)2]1/2 μm (L0 in μm) and the expanded 
measurement uncertainty at 200 mm is 0.3 μm (k=2).  From Table 1, it can be seen that at shorter length, the 
measurement repeatability is the major contribution to the total uncertainty.  At longer length, the thermal 
compensation error of the glass scale becomes prominent. 
4.2.  Discussion 
Normally, the uncertainty quoted for glass scale calibration using this optical CMM is 0.6 μm at 200 mm.  The 
above analysis showed that by using error compensation, the uncertainty was reduced to 0.3 μm.  The verification 
results also demonstrated that the proposed compensation method worked well.  The linear performance of the 
optical CMM was improved.  The difference among the three sets of measurement results of the glass scale was 
reduced from 0.35 μm to 0.15 μm.   
However, the proposed method only compensates the linearity error which is applicable to 1D measurement.  To 
improve the 2D measurement accuracy, the squareness error of the system have to be considered and it can be 
evaluated using a grid plate or measuring a glass scale in the diagonal position[7, 10, 11].   
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Further work will be done to cover the measuring volume using a 400 mm glass scale and to monitor the long 
term stability of the system to ensure effectiveness of the error mapping method. 
5. Conclusion  
In this paper, the linear performance of an optical CMM was evaluated and improved by means of an error 
compensation technique.  A laser interferometer was used in the evaluation and the results show that the linear 
performance of the Y-axis varies a lot at different X positions. Offline error compensation was implemented and a 
200 mm glass scale was used to verify the method.  The results demonstrated that the linear performance of the 
system is more uniform within the compensated area and the variation among the X positions was reduced from 
0.35 μm to 0.15 μm.  The measurement uncertainty was also improved from 0.6 μm to 0.3 μm. 
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